Tritan color-vision deficiency is an autosomal dominant disorder associated with mutations in the shortwavelength-sensitive-(S-) cone-pigment gene. An unexplained feature of the disorder is that individuals with the same mutation manifest different degrees of deficiency. To date, it has not been possible to examine whether any loss of S-cone function is accompanied by physical disruption in the cone mosaic. Two related tritan subjects with the same novel mutation in their S-cone-opsin gene, but different degrees of deficiency, were examined. Adaptive optics was used to obtain high-resolution retinal images, which revealed distinctly different S-cone mosaics consistent with their discrepant phenotypes. In addition, a significant disruption in the regularity of the overall cone mosaic was observed in the subject completely lacking S-cone function. These results taken together with other recent findings from molecular genetics indicate that, with rare exceptions, tritan deficiency is progressive in nature.
INTRODUCTION
Tritan color-vision deficiency is an inherited autosomal dominant abnormality of short-wavelength-sensitive-(S-) cone function. 1, 2 The disorder exhibits incomplete penetrance, meaning that individuals with the same underlying mutation manifest different degrees of color-vision impairment, even within a sibship. 1, [3] [4] [5] [6] [7] [8] Mutations in the S-cone-opsin gene, which encodes the protein component of the S-cone photopigment, have been identified, and they give rise to four different single amino acid substitutions that have been found only in affected individuals and not in unaffected control subjects. [9] [10] [11] Each substitution occurs at an amino acid position that lies in one of the transmembrane alpha helices and is predicted to interfere with folding, processing, or stability of the encoded opsin. For example, one of the mutations identified by Weitz et al. 10 corresponds to an amino acid position at which a substitution in the rod pigment rhodopsin causes autosomal dominant retinal degeneration. 12, 13 A fundamental property differentiating S cones from long-wavelength sensitive (L) and medium-wavelengthsensitive (M) cones is the potential for dominant negative interactions between normal and mutant opsins. This is because each S cone expresses both autosomal copies of the S-opsin gene, whereas L and M cones each express only one opsin gene from the X chromosome. Rod photoreceptors also express a rhodopsin gene from two autosomes, and for rhodopsin mutations underlying autosomal dominant retinitis pigmentosa (adRP), dominant negative interactions lead to the death of the photoreceptors and ultimately to the degeneration of the retina. Tritan color-vision deficiencies have not been reported to cause progressive retinal degeneration, possibly because the proportion of S cones in the retina is much smaller than that of rods. 10 It thus remains a clear possibility that S cones degenerate in autosomal dominant tritanassociated mutations of the S opsin.
Here, results are reported from experiments using adaptive optics to image the cones of tritan subjects whose molecular defect is known. These images have, for the first time, provided insight into the physical status of S cones in tritan color-vision deficiencies associated with S-opsin mutations. The results suggest that the colorvision deficiency is associated with a progressive S-cone dystrophy and accompanied by a disruption in the regularity of the cone mosaic.
METHODS

A. Subjects
Two tritan subjects, aged 57 and 34 years, took part in the experiments: one male (M04) and his daughter (M505). The father's tritan son (M503, aged 36 yr) was also included in the first part of the experiment on color-vision testing and genetics. A complete ophthalmic examination was carried out on the father and the daughter. The experiments were conducted in accordance with principles embodied in the Declaration of Helsinki 
C. DNA Isolation and Genetic Analyses
Whole blood was obtained from each subject, and genomic DNA was extracted using the PureGene kit (Gentra Systems, Minneapolis). The five exons that comprise the amino acid coding region of the S-opsin gene were amplified in the polymerase chain reaction (PCR) and were sequenced following previously described methods. 9 Sequencing reactions were analyzed on an ABI Prism 3100xl genetic analyzer (Applied Biosystems, Foster City, California). Twenty-nine nontritan subjects served as a control population on the genetic analysis, and their S-opsin genes were also sequenced.
D. Imaging
High-resolution retinal imaging was carried out with the Rochester Second Generation Adaptive Optics System, which has been described in detail elsewhere. 15 The subject's head was stabilized with a dental-impression bite bar. The subject's right or left eye was dilated, and accommodation was suspended with a combination of phenylephrine hydrochloride (2.5%) and tropicamide (1%). Measurements of the eye's monochromatic aberrations were taken over a 6.8-mm pupil with a Shack-Hartmann wavefront sensor and corrected with a 97-channel deformable mirror (Xintics, Inc., Devins, Massachusetts) in a continuous closed-loop fashion until the root-mean-square wavefront error fell below 0.1 m or 800 ms had elapsed, whichever happened first. For further details on wavefront measurements and compensation, see Refs. 15-17. Once a wavefront correction was obtained, a retinal image was acquired by illuminating the retina with a 1-deg-diameter, 4-ms flash at 550 nm with 25-nm bandwidth (full width at half-maximum) from a krypton-arc flash lamp. The short duration of the flash helped to minimize the effects of motion blur on the accompanying retinal image. Images were taken with a cooled chargecoupled-device camera (Roper Scientific, Inc., Trenton, New Jersey). To avoid possible edge artifacts from the deformable mirror, imaging was done over a 6-mm pupil. A circular fixation target was used to record the relative retinal location of each image (i.e., nasal, temporal, superior, or inferior as well as eccentricity). Images were averaged using a MATLAB-based image-registration algorithm (MathWorks, Inc., Natick, Massachusetts).
In vivo retinal densitometry was combined with this high-resolution retinal-imaging paradigm to identify S cones. Details on the procedure to classify individual cones as S, M, or L have been published, 18, 19 and only a brief outline is given here. Individual cones in the retinal mosaic were classified by comparing images taken under a fully bleached state [550-nm light of approximately 25 ϫ 10 6 troland-seconds] with images taken after 5 min of dark adaptation. The absorptance of the cones in the patch of retina imaged was calculated as 1 minus the ratio of the dark-adapted image to the corresponding fully bleached image. Since the L and M cones absorb strongly at 550 nm, they appear bright in the absorptance image, whereas the S cones appear dark owing to their low absorptance at 550 nm.
E. Image Analysis
A freely available image-processing program (ImageJ, National Institutes of Health, Bethesda, Maryland) was used to manually identify the cones in each subject's retinal image. To estimate cone density, the number of cones was divided by the area of retina sampled. The Cartesian ͑x , y͒ coordinates of the cones were stored in a text array and used for additional analyses.
To assess the spatial organization of the cone mosaics, the average and SD of nearest-neighbor distances were examined, as well as the Voronoi domains associated with the cones in each mosaic. Voronoi domains were constructed for each cell by defining points in the plane that were closer to that cell than to any other cell in the mosaic. Both metrics are widely used to assess the regularity of cellular mosaics in the retina; see Refs. 20-23.
RESULTS
A. Color-Vision Testing and Ophthalmic Examination
The father's behavior on all color-vision tests was that of a tritanope. He made tritan errors on the HRR pseudoisochromatic plates, the Lanthony's desaturated D15, and the Farnsworth D15, and his error score on the FM 100-Hue was 206 with midpoint at cap 46 [ Fig. 1(a) ] [normal error score for an individual aged 50-59 yr is 0-130 (95% CI); see Ref. 24] , with a significant blue-yellow axis (difference score between the blue-yellow and the red-green axes was +4.3). 25 Results from Moreland anomaloscopy and luminance matching showed that he was a tritan with midmatch point (MMP) 14.8 and matching range (MR) 26.9 [normal values (and SD) for the same instrument are MMP 55.1 (5.9), MR 12.0 (1.1)]. 26, 27 His scores on the Cambridge Colour Test (CCT) were 75, 128, and 1100 on the protan (P), deutan (D), and tritan (T) axes of the Trivector test, respectively; the ellipse length was 13.1, and the axis ratio was 551.8 along the tritan axis (angle 99.4 deg) on field 1 of the Ellipse test 14 .7)]. 26, 27 He reported that he could not remember having any problems with color vision when he was younger, and it was only in recent years that he has experienced difficulties with discriminating between some colors such as orange-yellow and pink.
The daughter's behavior was as a normal trichromat on the Ishihara pseudoisochromatic plates (no errors), the Farnsworth D15, and Rayleigh and Moreland anomaloscopy and luminance matching (MMP 49.1, MR 1.8; and MMP 50.8, MR 4.2, respectively). She made mild tritan errors on the HRR pseudoisochromatic plates, the Lanthony's desaturated D15, and the FM 100-Hue. Her error score on the FM 100-Hue was 56 with midpoint at cap 44 [ Fig. 1(b) ] [normal error score for an individual aged 30-39 yr is 0-80 (95% CI)]; 24 the difference score between the blue-yellow and the red-green axis was not significant (0.4). 25 She reported never having experienced problems with discriminating colors.
The son's behavior was also that of a normal trichromat on the Ishihara pseudoisochromatic plates (no errors) and on the Rayleigh and Moreland anomaloscopy and luminance matching (MMP 56.7, MR 1.9; and MMP 56.3, MR 4.2, respectively). His error score on the FM 100-Hue was 56 with midpoint at cap 46 [ Fig. 1(c)] ; the difference score between the blue-yellow and the red-green axes was not significant (0.8). 25 Ophthalmic examinations were normal on both father and daughter, and corrected visual acuities were 6 / 5 ͑log MAR− 0.1͒ for both.
B. Genetics
The father (M04) and both children (M505 and M503) were heterozygous for a nucleotide change that substituted the polar, neutral amino acid glutamine (Q) in place of the positively charged amino acid arginine (R) that is normally present at amino acid position 283 of the S-opsin gene ( Fig. 2; c Computed assuming a perfectly triangular lattice of cones with a density equal to that observed for a given subject. Figure 3 shows the full bleached, dark-adapted, and absorptance images for M505 (a) and M04 (b). No evidence for S cones was observed in M04 [ Fig. 3(b) ]. In M505 about 4.9% of the cones at 1.25 deg were low absorbing [ Fig. 3(a) ]. Since S cones absorb negligibly at the imaging and bleaching wavelength of 550 nm, these cones were deemed S cones. Normalized to M505's overall cone density, the density of S cones at this location was 2224 S cones/ mm 2 . In comparison, the average S-cone density in normal trichromatic subjects when measured with adaptive optics at 1.25-deg eccentricity is 2863 ͑SD 1033͒ S cones/ mm 2 . Figure 4 shows the results of the Voronoi analysis for the tritanope (M04) and two normal trichromats. Fig. 4(f) ]. Qualitatively, it appears that there are more disruptions in M04's mosaic. In fact, the mean SD in the number of sides on the Voronoi polygons for the control subjects was 0.593 with a SD of 0.064, whereas M04's SD in the number of sides on the Voronoi polygons for his mosaics was 0.763, 0.737, and 0.810 at the three locations tested (Table 1) . These values are 2.5 SDs from the mean, indicating that his mosaic was significantly more variable than normal ͑p = 0.0067͒. To further quantify the features of M04's cone mosaic, the mean area of the Voronoi domains in each mosaic was computed ( Table 1) . As expected, there is a close relationship between the density of cones in the mosaic and the size of the corresponding Voronoi domains, with more dense mosaics having, on average, smaller Voronoi domains. The mosaic variability (expressed as the SD among the Voronoi areas) is also related to the cone density, with more dense mosaics having less variability There is no evidence for S cones. There appears to be some increased irregularity in the mosaic, which may be a signature of cone death.
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D. Arrangement of the Cone Mosaic
[ Fig. 5(a) ]. Just as there was more variability in the number of sides to the Voronoi polygons in his mosaic, the variability in the area of the Voronoi domains in his mosaic was higher than expected, given his cone density. As seen in Fig. 5(a) , both of his data points lie outside the 95% confidence interval derived from the normal controls. Also highly correlated with cone density is the mean nearest-neighbor distance (NND). As shown in Fig. 5(b) , more dense mosaics have cones that are on average more closely spaced. M04's mean NND (Table 1) is significantly lower than what would be expected based on his cone density. Another way to look at the NND data is to compare the observed mean NND for each subject with that expected from a perfectly triangular mosaic of density identical to that observed for this subject. These values are given in Table 1 and were derived from equations published by Coletta and Williams. 32, 33 By dividing the observed mean NND by the expected mean NND, it is revealed that all control subjects were about 5% below what was expected. This is probably due to the fact that in the computation of the expected mean NND, uniform density was assumed, although in reality, cone density varies over the area of retina analyzed. Small asymmetries derived from intersubject differences in preferred retinal location for fixation 34 will affect this ratio as well. Nevertheless, M04's mosaic was significantly different from the controls, as his mean NND was only 90% of that expected based on his density.
Besides indicating a departure from regularity, the ratio of observed NND to expected NND can be used to infer something about the degree of cone loss in the mosaic. A new NND can be calculated for M04 from the expected mean NND for a mosaic of density identical to that for M04, incorporating the ϳ95% reduction in mean NND observed in the controls. New NND values for M04 would then be 3.62 and 3.75 for his 1.0-and 1.25-deg mosaics, respectively. From the relationship between observed mean NND and cone density [ Fig. 5(b) ], his extrapolated cone density should then have been 61,510 and 57,670 cones/ mm 2 for his 1.0-and 1.25-deg mosaics, respectively. This is 1763 and 2095 cones/ mm 2 below his observed cone density, respectively and this establishes an estimate that he has lost about 1929 cones/ mm 2 , which is consistent with the mean S-cone density in normal trichromats of 2723 ͑SD 734͒ cones/ mm 2 , n = 9 (from Ref. 30 ) for combined data from 1.0-and 1.25-deg eccentricity, respectively.
It should be noted that in both graphs in Fig. 5, M04 's daughter (M505) was included with the normal controls in order to derive the associated regression lines. This was done because normal numbers of S cones were observed in her mosaic and there were no visible disruptions in the regularity of her mosaic. The inclusion of her data with the normal controls is supported by the fact that her data points lie exactly on the regression line in both graphs.
DISCUSSION
A major step in understanding the mechanism of inherited tritan color-vision deficiencies was afforded by the landmark work of Weitz and colleagues in identifying S-opsin gene mutations in affected individuals. 10, 11 The work reported here provides the first anatomical evidence that tritan phenotypes associated with S-opsin mutations are associated with the loss of S cones. This suggests a mechanism in which the mutations produce their effects by reducing the viability of the S cones and that heterozygotes who express both the normal and mutant S opsins will exhibit trichromatic color vision that can be indistinguishable from normal until the S cones succumb to the toxicity of the mutant opsin.
It is evident from this study of an affected father and daughter that there is a correlation between behavioral loss of S-cone function and physical disruption in the cone mosaic. S cones are sparse in the normal retina, comprising about 5% of the photoreceptors, with their highest density ͑Ͼ2000 cones/ mm 2 ͒ at about 10-deg eccentricity, 35 but with large variations between individuals. 36 The difference between father and daughter in this study, however, is too large to be considered as within-normal intersubject variability: The daughter showed near-normal S-cone density and the father a complete loss at the eccentricity where peak S-cone density normally occurs. 34 The expectation is that the number of S cones in the daughter's mosaic would be further reduced if she were imaged later in life. The fact that the father's total cone density was still within the normal range even if he had lost all his S cones is not surprising, as the normal variation in total cone density exceeds 5%. 18, 36, 37 One limitation of the present study is the absence of age-matched controls for the analysis of the spatial topography of the tritanope mosaic of the father. It might be argued that, as part of the normal aging process, a significant number of foveal cones are lost, thereby disrupting mosaic regularity. In fact, while maximum cone density varies between individuals, the number of foveal cones remains relatively constant throughout adulthood in the absence of retinal disease. 38, 39 Since disruption of the mosaic is unlikely to be part of the normal aging process, it follows that it is the loss of S cones that is responsible for mosaic irregularity in the tritanope. In support of this conclusion, Hoang et al. 40 detected no disturbance of the mosaic in their analysis of histological data from a 68-year-old retina at the same retinal location as that studied here (data not shown).
The Voronoi and nearest-neighbor analyses suggest that some reorganization of the cone mosaic took place after the S cones had died: The L and M cones seem to have at least partially filled in the gaps that previously were taken up by S cones, making the father's mosaic look irregular in comparison with the triangular packing seen in that of the daughter and normal trichromatic subjects 18, 19, 35 ; see also Fig. 4 . This irregularity suggests that the S cones had completely degenerated after foveal migration was complete. [41] [42] [43] Mosaic regularity is preserved in early cone loss where foveal migration has acted to repack the cones 31 or in other cases where normal foveal migration has occurred but a functional opsin is not expressed in the cones. 44 The disruption in mosaic regularity, together with the absence of S cones, is the only visible change in the retina. Thus, despite normal cone density, there are other signatures in the retinal images that can be used. In fact, given how variable cone density is among normal controls, measures of regularity may be more sensitive to the very early stages of cone loss in other photoreceptor degenerations.
Until now, the effects of amino acid substitutions on S cones were unknown, but the absence of S cones coupled with the decreased density and abnormal packing arrangement of the cones in a tritan subject (M04) suggests that heterozygosity for the R283Q mutation ultimately results in the death of S cones. S-opsin mutations that cause autosomal dominant tritan color-vision deficiencies are analogous to rhodopsin mutations that cause autosomal dominant retinitis pigmentosa, in which dominant negative interactions between normal and mutant pigments expressed in the same photoreceptor lead to the death of the affected photoreceptor. 45, 46 The molecular genetic and imaging results reported here along with previous molecular genetic data support the hypothesis that the phenotypic difference between the father and the daughter with the same mutation can be attributed to their being at different stages in the progression in which dominant negative interactions have compromised the function and viability of S cones. The observation of Went and Pronk 8 that error scores on color-vision tests tend to be higher with older tritan subjects than with younger ones also supports this hypothesis. Further, the imaging results are consistent with the loss of S-cone function being due directly to the physical loss of S cones as a result of the mutant S-opsin pathology rather than to the normal aging process. 47 Some studies 4, 48 have attempted to classify tritan deficiencies into dichromatic and anomalous trichromatic forms by analogy with red-green color-vision deficiencies, and a third form, incomplete tritanopia, has also been proposed, 3, 6 but the phenotype is not clearly different from tritanomaly. 3 A rationale for a tritan phenotype that is analogous to red-green anomalous trichromacy is difficult to justify. Recall that the red-green anomalous trichromacies are caused by the combination of the loss of one class of photoreceptor, L or M, and the addition of a second subtype of the remaining class such that color vision in the red-green region of the spectrum is mediated by two cone types whose spectral sensitivities overlap much more than in normal trichromacy. 49 In contrast to the 20-30 nm that separate L from M pigments in normal color vision, 50, 51 the spectral separation between the L-cone subtypes or M-cone subtypes in anomalous trichromacy ranges from about 1 to about 12 nm and, as expected, the degree to which color discrimination is impaired is directly related to the magnitude of the spectral separation. 14, 52, 53 Spectral-tuning studies of mammalian short-wavelength-sensitive pigments that are evolutionarily closely related to the human S-cone photopigment have identified amino acid substitutions that are capable of shifting the spectrum over the range from about 359 to 423 nm. 54, 55 But the human S-cone photopigment peaks at 415-419 nm, 56, 57 and no amino acid substitutions that affect the S-cone spectrum have been identified in human subjects. Indeed, a shift of about 100 nm in S-cone sensitivity to long wavelengths would be required to produce a degree of overlap between the S-and the M-cone sensitivity that is equivalent to the overlap between M-or L-cone subtypes in red-green deficiencies. 52, 53 Such a large shift would not be accomplished with a single amino acid substitution, 55 and the anomalous trichromatic tritan phenotype has instead been attributed to the involvement of rods in the color match made by tritan subjects. 7 Historically, the existence of congenital tritan colorvision deficiencies has been controversial. 58, 59 The incomplete penetrance and general trend of worsening colorvision test scores with increasing age among tritan subjects 8 suggests that, at least in some affected individuals, inherited tritan color-vision deficiency is not congenital (i.e., present at birth). The color-vision deficiency associated with mutation in the S-cone opsins is expected to be present from birth in individuals homozygous for a mutation, but not necessarily for heterozygous individuals. This is because the potential for dominant negative interactions between normal and mutant pigments is absent in homozygotes. By the same reasoning, homozygous S-opsin mutations would not necessarily be expected to produce a progressive degeneration, but instead a stationary disorder of the S cones. Although homozygous individuals are thought to be exceptionally rare, tritan individuals from two of the five pedigrees that have been studied in detail contain individuals who are homozygous for an S-opsin mutation, but there are also individuals within these two pedigrees who are heterozygous. 10 Within the same pedigree, it would be expected that a younger subject who is homozygous would perform more poorly than an older subject who is heterozygous. Recruitment tactics for identifying tritan subjects for experimental analysis tend to select for rare events such as homozygotes. Most individuals with inherited tritan deficiencies are heterozygous and, according to the hypothesis supported by the experimental data presented here, they need not exhibit complete dichromacy until the disorder has progressed to a stage when a critical number of S cones have lost viability. Variability in phenotype probably derives primarily from differences in the degree to which S-cone function is diminished.
